Needle biopsy of small or nonpalpable breast lesions has a high nondiagnostic sampling rate even when needle position is guided by stereotaxis or ultrasound. We assess the feasibility of using a near-infrared fiber optic probe and computer-aided detection for the microscopic guidance of needle breast biopsy procedures. Specimens from nine consented patients undergoing breast-conserving surgery were assessed intraoperatively using a needle device with an integrated fiber-optic probe capable of assessing two physical tissue properties highly correlated to pathology. Immediately following surgical resection, specimens were probed by inserting the optical biopsy needle device into the tissue, simulating the procedure used to position standard biopsy needles. Needle positions were marked and correlated with histology, which verified measurements obtained from 58 needle positions, including 40 in adipose and 18 in tumor tissue. This study yielded tissue classifications based on measurement of optical refractive index and scattering. Confidence-rating schemes yielded combined sensitivity of 89% (16/18) and specificity of 78% (31/40). Refractive index tests alone identified tumor tissue with a sensitivity of 83% (15/18) and specificity of 75% (30/40). Scattering profiles independently identified tumor tissue with a sensitivity of 61% (11/18) and specificity of 60% (24/40). These results show that a biopsy needle with an integrated fiber optic probe can be used to identify breast tumor tissue for sampling. Integration of this probe into current practices offers the potential to reduce nondiagnostic sampling rates by directly evaluating in situ microscopic tissue properties in real-time, before removal.
Introduction
Needle biopsy of breast masses is widely recognized as a highly accurate and economical diagnostic procedure when tissue sampling is sufficient. However, core-needle biopsy (CNB) and fine-needle aspiration biopsy (FNAB) procedures both suffer from significant nondiagnostic sampling rates when in the hands of inexperienced operators (1-4) or, in the case of CNB, when small or non-palpable masses are targeted (5-8). Nondiagnostic samples, typically classified as those which are void of epithelial cells (4), occur in up to 35% of palpation-guided FNAB (1-3) procedures and 12% of image-guided CNB procedures targeting nonpalpable lesions (9). These difficulties lead to rebiopsy in approximately 4% of the patients that undergo percutaneous procedures (10-11).
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Integrated sensing systems are not currently used for needle guidance. Rather, palpation or external imaging, commonly x-ray stereotaxis or ultrasound imaging, are used. These imaging techniques are typically time consuming, are expensive, and require additional staff and expert operators (12). Also, the diagnostic accuracy of ultrasound-guided biopsy has been questioned in the literature (9, (13) (14) . Additionally, with the increasing use of more sensitive screening techniques, such as digital mammography and breast MRI, the number of needle biopsy procedures performed on small nonpalpable lesions is likely to rise. These issues have led to increasing interest in point-of-biopsy imaging systems that can assess the tissue at the needle tip prior to removal (15) (16) (17) .
In this work, we have studied the application of a fiber-optic imaging device and associated computer-aided detection techniques to this problem. We have applied the techniques of optical coherence tomography (OCT), an established optical imaging technique that can provide real-time cross-sectional images of tissue morphology, to the intraoperative study of breast biopsy guidance. The OCT technique is analogous to ultrasound imaging. It is used to measure subsurface reflections of near-infrared light and provides cross-sectional image detail on the scale of conventional histology. It has been successfully applied to a number of clinical problems and is best known in ophthalmology, where it is used to image the retina in cross-section (18). The application of OCT to breast imaging is a rapidly emerging area of interest that has seen advances in surgical margin detection, lymph node evaluation, and computer-aided diagnostics (16, (19) (20) (21) (22) (23) (24) (25) .
The system used in this study measured both the optical refractive index and the optical scattering response of the tissue through the needle tip. Refractive index is an established diagnostic property that is regularly incorporated into clinical measurements to assess and identify tissues of interest, for example in blood oxygenation sensors (26). Refractive index is linked to the chemical state of tissue, specifically the protein density and lipid concentrations. Recent studies showed that it is an effective means by which to differentiate between fibrofatty and epithelial mammary tissues (27) and potentially between lesion pathology (28). In addition to refractive index, the tissue scattering signature, the key means of OCT image formation, holds significant diagnostic information about the structure and morphology of the tissue, as has been demonstrated in multiple breast imaging studies (16, (19) (20) (21) (22) (23) (24) (25) . The work presented here is the first reported intraoperative study of these combined techniques for the guidance of breast needle biopsy.
Materials and Methods
Ten patients undergoing breast-conserving surgery were recruited into this study under an IRB-approved protocol (see Table 1 for patient and specimen information). Informed consent was obtained prior to each surgery, during which specimens were excised according to the standard of care. After excision, each specimen was immediately transferred to the research staff in the operating room, where it was analyzed with the needle imaging device. The device, which was marked for depth correlation, was inserted by hand to three depths (0.5 mm, 1.0 mm, and 1.5 mm) at three lateral positions approximately 2.0 mm apart along a line (Figure 1 ). The probe was held in place for several seconds at each position while 1,000 axial optical depth-scans were acquired. The relevant tissue region was subsequently labeled with ink for later correlation with histology, and the specimen was returned to the surgical staff for standard specimen processing procedures, which often included radiological evaluation of the margin status. Along with standard processing, a histology section was taken in the analysis plane to provide correlation to the optical needle data. H&E stained histology of the tissues, with the needle tip positions marked, are shown in Figure 2 . Note that the results from one patient were eliminated from the study because the Table I Ten patients undergoing breast-conserving surgery were enrolled in the study. The patient age, specimen dimensions, and diagnosis from pathology are shown here. Tumor size information marked with "N/A" was not available upon gross examination. Letters in the first column correspond to the histology images in Figure 2 . histology was in stark disagreement with gross intraoperative observations; a handling or labeling error is suspected to have occurred. All hospital staff and physicians were blinded to the results of the study at all stages.
Optical and computer instruments were integrated into a standard endoscopy instrument cart that was wheeled into the operating room for each procedure (Figure 3a) . The spectraldomain OCT instrument (Figure 3c ) consisted of a near-infrared superluminescent diode light source (Model SLD1C; B&W Tek, Newark, Delaware; o 1310 nm, 92 nm, P 10 mW) coupled to a fiber-optic interferometer that captured reflection data from the needle apparatus with a highspeed camera (SU1024LE-1.7T1-0500; Sensors Unlimited, Princeton, New Jersey) capable of acquiring 5,000 axial scans per second. The data were acquired and stored on an integrated personal computer that also included a graphical control interface. The low power and near-infrared optical wavelengths used in OCT systems ensure that tissue heating is undetectable; tissue damage due to this low-light exposure has never been reported. The OCT system used in this study is configured to acquire real-time data to a depth of 1-2 mm at an axial resolution of 5.9 µm in tissue, and with a measured signal-to-noise ratio of over 100 dB.
The needle probe device (Figure 3b ) was designed to be integrated into a Boston Scientific EasyCore 20G core biopsy device. It is intended to be used with the guide sheath and in place of the cutting needle. The device was constructed from 20 gauge stainless-steel hypodermic tubing which was angled at the tip (36.6 degrees) for cutting during insertion and for appropriate optical reflection characteristics. The optical components, consisting of an optical fiber (SMF28) and a fiber-optic focusing component (GIF625, Thorlabs, New Jersey), were mounted into the needle with rigid optical cement that formed a flat surface at the tissue-needle interface. Full device specifications and a description of the optical methods used to measure tissue scattering and refractive index characteristics are described in detail elsewhere (29). Briefly, the optical scattering response from within the tissue was measured over a single scan line as is typical in an axial-mode OCT technique. Reflection refractometry was employed by using known properties of the probe tip and a measure of the reflection intensity at the probe-tissue interface to calculate the tissue refractive index based on Fresnel refraction relations. Confounding reflection intensity variations due to movement of the probe fiber were obviated by randomizing the polarization of the input light and averaging over the scan line data taken at each probe position.
Figures 4a and 4b show representative scattering responses from adipose and tumor tissues. The adipose tissue is characterized by discrete peaks representing the boundaries and membranes within the adipose tissue with wide spacing between scattering events and gradual attenuation. In contrast, the tumor tissue has few discrete peaks with little spacing between scattering structures and rapid attenuation, which indicate dense tissue with high nuclear-to-cytoplasmic ratio.
Computer analysis was performed on the acquired data. The refractive index data were used to differentiate between epithelial structures, including tumor, and adipose tissue due to the difference in lipid concentration. Previously published data were used to set a threshold refractive index value for classification. The threshold was set at the midpoint n threshold 1.428, between the published values (27) of mean(n epithelial ) 1.389 and mean(n adipose ) 1.467. Refractive index values above the threshold were classified as adipose and those below as epithelial tissue. Acquired scattering signatures were processed for differentiation between tumor, epithelial stroma, and adipose tissues using computational methods described in detail elsewhere (24). Briefly, the weighted spatial frequency signature of each axial scan (examples shown in Figures 4c and 4d ) was compared to the signatures from a training data set from known tissues. The most similar training data, as computed by finding the minimum error, yielded the classification. In this case, since previous intraoperative clinical data is not available, an established "leave-one-out" self-training scheme was used, wherein each data point is compared to all of the other histology-verified data in the study, which are defined as the training data.
Results
Intraoperative needle positions were correlated with histology, yielding data from 40 regions of adipose and 18 regions of tumor tissue. In order to perform statistical analysis of the results, regions containing a mix of tissue types, defined as less than 85% of a single tissue type, were excluded from the data set. Identification of tumor tissue based on refractive index measurements alone had a sensitivity of 83.3% (15/18), a specificity of 75.0% (30/40), and an accuracy of 77.6% (45/58). Among tissue regions classified as tumor, the mean refractive index was n tumor 1.405, and among those classified as adipose the mean was n adipose 1.451. These values follow the trend of previously published values and hence contribute to the overall confidence in experimental methodology. Tumor tissue identification from the scattering profile alone had a sensitivity of 61.1% (11/18), a specificity of 60.0% (24/40), and a diagnostic accuracy of 60.3% (35/58).
Although the results from scattering measurements alone are not impressive, they can be used in combination with the refractive index classification. This can be accomplished in a number of ways. Standard combination techniques can be used to enhance sensitivity to sensitivity refractive index + sensitivity scattering -(sensitivity refractive index × sensitivity scattering ) 90.0% at the expense of specificity, or to boost specificity to 1 -[(1 -specificity refractive index ) × (1 -specificity scattering )] 93.5% at the expense of sensitivity (30). Alternatively, specialized methods can be used to assign confidence weights to each method-specific classification (c ri and c scatter ). This technique is described in detail elsewhere (24). Briefly, in the case of refractive index measurement, the difference between the measured and threshold refractive index n |n threshold -n measured | was Table I . A histologic section from each specimen was cut from the marked region and H&E stained by the pathology department. The resulting slides are shown here for each patient. Needle tip probing positions are marked by asterisks. The scale bar is 1 mm in length. Images were formed by combining multiple high-magnification images using commercial software.
normalized to arrive at a classification confidence value c ri n/ n max , where n max is the maximum value over all patients in the data set. In the case of scattering measurements, the computed error between the measurement and the training data, which takes values from zero to one, was used as the classification confidence value c scatter . In instances of disagreement between the two measurement types, the result with the largest confidence value was used. This method yielded a combined sensitivity of 88.9% (16/18), a specificity of 77.5% (31/40), and an accuracy of 81.0% (47/58).
Discussion
Previous in situ laboratory-based classification studies using these computational techniques yielded sensitivity and specificity measurements of up to 99% and 68%, respectively. There are numerous sources of error that may contribute to this discrepancy. One is the difference between the instruments used in the studies, with the laboratory study employing a free-space imaging geometry as opposed to a handheld probe. Another is the fact that the laboratory work studied only invasive ductal carcinoma lesions, while this study has analyzed many lesion types. Perhaps most significant is the uncertainty introduced via the histology correlation in this study. While significant efforts were made to co-register the needle tip placement with the subsequent sectioning, it is probable that some limited error occurred in this process. The tissue region probed was marked on the surface with a pair of lines indicating the region to be sectioned and the probe was inserted perpendicular to the tissue surface. However, the effects of compression for radiologic assessment and of histologic processing are well known to lead to physical distortions that could affect the sectioning plane location and, hence, the tissue registration. Despite these factors, the results here compare well with established clinical techniques. The sensitivity of ultrasound and x-ray mammography to the detection of invasive ductal carcinoma are 94% and 81%, respectively, when radiologist readers are employed (31). It should be noted that these modalities are sensitive to macroscopic features as opposed to the cellular-scale morphology and composition probed by the techniques presented here. Indeed, it is the ability to identify these small-scale features that distinguishes this technique and makes it ideal for microscopic positioning of biopsy needles.
The computer-aided detection of these data was performed after the intraoperative acquisition, but real-time analysis is possible with simple system upgrades. A standard personal computer (3.2 GHz Pentium ® D processor, 2.0 GB RAM) can analyze the axial-scan data at a rate of over 60 axial scans per second. This processing rate, combined with the speed of the OCT imaging system, which can acquire 5,000 axial scans per second, makes real-time tissue analysis with this device a straightforward prospect.
We have demonstrated that a needle device with an integrated fiber optic probe and associated computer-aided detection algorithms can be used to accurately identify breast lesions under intraoperative protocols that mimic the guidance of needle biopsies. The device is designed to be easily integrated into a commercial 20 gauge core needle biopsy device for clinical use. Integration of this probe into breast biopsy procedures promises to reduce non-diagnostic sampling rates by sensing the microscopic properties of the in situ tissue before removal.
